The upgrading of bio-oils by HDO requires relatively high pressure (7-20 Mpa) [14] to convert some of the compounds in bio-oils that have a low HDO reactivity to O-free products [12] . Meanwhile, high hydrogen pressure leads to complete hydrogenation of unsaturated hydrocarbon products.
To achieve desired HDO conversions of feedstocks with different content and types of oxygen atoms, HDO of bio-oils typically consists of two stages [12, 21, 22] . First stage is called stabilization stage or mild hydrotreating which occurred below 300°C to avoid coking formation and polymerization of the oxy-compounds during the following deoxygenation step, i.e., biphenols, ethers and methoxyphenols are converted to phenols.
Large amount of hydrogen was consumed for efficient oxygen removal under more severe reaction conditions (about 350°C) at second stage, i.e., carboxylic acid, esters, phenols, furans, and etc. are converted. The first stage is suitable for producing partial deoxygenated fuels to be used for generation of heat and electricity [23] at lower cost or for some useful chemicals [22] .
The second stage can be applied to generate fully deoxygenated fuels that can be used in transportations.
Chemistry of model compounds
As discussed earlier, the compositions and oxygen content of bio-oils from different sources resulted in different reactivity in the HDO process. Even for the same model compound, the reactions proceeded via different routes over different catalysts, producing different products. Therefore, the main strategy to study upgrading of pyrolysis bio-oils is to study the different model compounds, which is of great importance in order to understand the behaviours of different bio-oil components.
By understanding of chemistry and reaction mechanisms, one can control the selectivity of specified products and explore the insights for upgrading real pyrolysis bio-oils and even more complex feedstocks to desired fuels and chemicals.
The bond dissociation energies between carbon and oxygen from model compounds in pyrolysis oil are different ( Table 2 ). The 2. HDO of pyrolysis bio-oils HDO process, by saturating bonds of C=C, C=O and aromatic rings while removing oxygen in presence of H 2 and catalysts, is targeted for the production of renewable liquid fuels including gasoline and diesel [17] . This process is very attractive due to high carbon efficiency (theoretical carbon efficiency of 100% as all carbons are converted to hydrocarbons with no CO 2 emissions) and technology compatibility with existing petroleum hydrotreating technology (Due to the immiscible nature of bio-oil to petroleum products, pretreatment is required [15] ). The process is very similar to hydrodenitrogenation (HDN) and hydrodesulfurization (HDS), and proceeds simultaneously with HDN and HDS during hydroprocessing of various feeds for fuel production. Generally, the relative removal of heteroatoms during hydrotreating takes place following the order of HDS>HDO>HDN if analogous O-N-, and S-containing compounds predominate [12] . A special case was reported by Oyama [18] that HDO was about 10 times greater than HDS over vanadium nitride catalysts.
Pyrolysis bio-oil is a complex mixture of oxygenates with more than 300 different compounds identified [11] . According to the work by Bridgwater [19] , bio-oils produced from many pyrolysis included mostly water (20-30 wt%), lignin fragments (15-30 wt%), aldehydes (10-20 wt%), carboxylic acids (10-15 wt%), carbohydrates (5-10 wt%), phenols (2-5 wt%), furfurals (1-4 wt%), alcohols (2-5 wt%) and ketones (1-5 wt%).
Due to the reactivity differences in multifunctional groups of bio-oils, a wide range of operation temperature between 300°C and 450°C is usually chosen for HDO of bio-oils.
Grange [20] summarized the influence of the temperature and H 2 consumption to investigate the reactivity of some model compounds over a commercial CoMoS/Al 2 O 3 hydrotreating catalyst as shown in Table 1 . The different molecules and groups are able to be hydrodeoxygenated at different temperatures as indicated from the iso-reactive temperatures (the temperature at which the conversion rates reach an identical value [20] ). Olefins, aliphatic ethers and alcohols are estimated to be even more reactive than the ketone group. Furimsky [12] has summarized the HDO reactivity of oxy-groups in the tentative order as shown in (1). bond strength between O to C in ethers is 46 kJ/mol less than that from alcohols, indicating that O abstraction from aliphatic ethers is easier than that from aliphatic alcohols. 
Carboxylic acids

Carbohydrates
HDO of carbohydrates usually proceed through dehydration first to produce 5-hydroxymethylfurfural (HMF), followed by hydrogenation to 5-(hydroxymethyl)tetrahydrofuran-2-carbaldehyde (HMTHFA). These two reactant units undergo aldol condensation reactions to form large molecules with more carbons, and then followed by multi-step hydrogenation/ dehydration processes to form C 9 -C 15 alkanes as shown in HDO of C3 alcohols (1-and 2-propanol, 1,2-and 1,3-propanediol, and glycerol) over Pt/Al 2 O 3 was studied at 200°C and 4MPa in a batch reactor [34] . Dehydrogenation of 1-propanol to propanol was the first step, followed by decarbonylation or disproportionation reactions. The former one produces ethane, while the latter one gives propionic acid, which Thus, it is desirable to have a high ratio of Brønsted to Lewis acid sites in developing a more efficient catalyst for aqueous-phase HDO of carbohydrates.
Guaiacols (GUA)
Guaiacol conversion routes are mainly determined by methoxy group, phenolic group, and the benzene ring [13, [37] [38] [39] [40] [41] [42] under the same reaction conditions. Catalysts prepared using N 2 /H 2 , have more highly dispersed Mo oxynitride than those prepared via ammonolysis, leading to a higher HDO activity.
The transformation of GUA proceeds mostly through the direct demethoxylation route, bypassing the formation of catechol [42] . Direct hydrogenolysis of PHE to benzene is inhibited, and direct hydrogenolysis of cyclohexanol to cyclohexane is also suppressed. However, direct hydrogenolysis of cyclohexanol to cyclohexane was reported over Pt/AC at 280°C and 4 MPa [65] .
Cyclohexane was primarily produced by the hydrogenation of phenols and the hydrogenolysis of the resulting cyclohexanols.
The combination of metals and Brønsted acids can be expanded to more complex bio-derived phenols [66] such as 2-methoxy-4-n-propylphenol, 4-n-propylphenol, and 4-allyl-2-methoxyphenol at 300°C with 4 MPa H 2 . Cycloalkane can be produced with high selectivity (99% for 4-n-propylphenol) over the Raney Ni and Nafion/SiO 2 catalysts. RANEY Ni acts as the hydrogenation sites, while Nafion/SiO 2 acts as the Brønsted solid acid sites for hydrolysis and dehydration.
Furfural (FAL)
Furfural HDO proceeds mainly via two major routes as shown in Figure 7 . [67] [68] [69] .
Figure 7. Main reaction pathways for FAL HDO on the basis of Ref
increase the number of vacancies, but it did appreciably increase the activity of the vacancies by weakening the bond between sulphur and molybdenum. In addition, the sulfiding catalysts [102, 103] , while for the latter is because of changes in molybdenum dispersion and structure.
Richard and co-workers [76] proposed a mechanism for HDO of 2-ethylphenol over a CoMoS/Al 2 O 3 catalyst by direct deoxygenation and HDO as indicated in Figure 8 and Figure 9 .
In the mechanism for direct deoxygenation, vacancy sites are created by the removal of hydrogen sulphide in presence of H 2 . 
Noble metals
Sulfided catalysts have been the most popular ones reported in the literature for HDO process. However, these conventional industrial hydrotreating catalysts are less suitable for bio-oil HDO due to the economy of using sulphur, product contamination, and poor stability in the presence of H 2 O. Therefore, the development and study of sulphur-free catalysts for bio-oil upgrading process is environmentally and economically favourable. Noble metals are particularly efficient catalysts in activating molecular hydrogen [106] under mild conditions since hydrogen is easily activated and split on interface or surface to react with other reactants. Thus, it is expected that on noble metal catalysts better activity can be achieved and stability can be improved on supports other that alumina (deactivation by water) [107] . The benzene ring is fully hydrogenated first by hydrogen from S-H and Mo-H groups forming 2-ethylcyclohexanol, and this alcohol undergoes dehydration on acidic support producing cycloalkenes which is re-hydrogenated into ethylcyclohexane.
The whole pathway is shown in Figure 9 .
Sulfided W and Re catalysts
Sulfided NiW [74, 93, 104, 105] were studied for HDO processes. that donate active hydrogen species, but they are less active as compared to metal sites. The higher d electron density is beneficial for a better activity. MoP displays bifunctional acidic and metallic properties similar to noble metals supported on acidic supports [126] . The mechanism of HDO over TMPs is proposed in Figure 12 based on the literature [120, 123] [116] . In this mechanism, lattice oxygen reacted with H 2 and oxygen vacancies are created, which afterwards are refilled with the oxygen from the oxy-compounds. The intermediate species undergoes C-O cleavage and forms a final product as shown in Figure 10 (b) . In the reactions of HDO, if the metaloxygen bond is too weak, it would be difficult for the catalysts to abstract oxygen from oxy-compounds, but if metal-oxygen bond is too strong, it is difficult to create surface vacancies to adsorb oxy-compound [117] . It follows the Sabatier rule that oxides with intermediate metal-oxygen bond strength are the best better supports [118] . The metal-oxygen bond strength in (2) is summarized from Ref [115] .
Mg>Al>Zr>Ti>W>Cr>Zn>V>Sn>Fe>Ge>Mn>Ni>Bi>Cu>Pb (2)
Two typical studies of noble metal catalysts were done by Gutierrez [108] with guaiacol and by Heeres [110] 
In brief, supported noble metal supported catalysts are very active in HDO process. However, the main challenges for noble metal application are the availability, cost and higher sensitivity towards poisoning such as iron and sulphur [113] than sulfide catalysts [107] . GUA as a demonstration in Figure 15 . Acidic OH sites interacted with oxygen atoms from oxy-compound (n-electrons from the oxygen atoms are more basic compared with π-electrons from aromatic ring), while H 2 is activated by metallic metals and spills over to adsorbed oxygen atoms and causes C-O bond cleavage instead of C-C bond cleavage. An oxy-compound with more than one oxygen atom may have different adsorption sites on the supports [136] .
Transition-metal phosphides (TMPs)
Ni-based catalysts
Anisole HDO over Ni-based catalysts at 300°C and 1 MPa was reported by Yakovlev [137] . Metallic Ni supported catalysts are found to be very active, such as Ni/Al 2 O 3 (HDO degree of 95%). also reported by Ren [138] . The activity data at 240°C follows the order in (9). 
Reduced metal oxide bronzes
Mesoporous materials
Mesoporous materials, such as SBA and MCM, unlike active carbon that is full of micropores, have a relatively large apertures and pores, which improves molecular diffusion speed is proposed in which oxy-compounds adsorbed on oxygen vacancies, forming a metal-oxygen bond, followed by splitting the carbon-oxygen bond and forming the final product. Surface hydroxyl groups are important for oxygen vacancy formation and function as Brønsted acids. The mechanism is proposed in Figure 17 [145].
Supports
Active phases and promoters play crucial roles for the HDO activity. However, supports are also very important including dispersing and stabilizing active phases, decreasing the cost of catalysts [146] . Moreover, some supports provid active sites such as Brønsted acid sites, and interact with supported active phases, forming new active phases on the surface or in the interface of the catalysts.
Alumina
γ-Al 2 O 3 , with excellent crushing strengths and high surface area, has non-negligible activity due to Lewis acid sites [120] . Overall, ZrO 2 , TiO 2 and CeO 2 have weak acidity which would benefit oxy-compound activation. According to the literature [71, 163] , the acidity decreases in the order as shown in (13) .
γ-Al 2 O 3 » TiO 2 > ZrO 2 >CeO 2 (13)
Magnesium oxide
The roles of MgO in Mo-based catalysts for HDO are very limited [99] . As a basic support, MgO shows superior resistance to coke formation on MgO supported catalysts due to two reasons:
The basicity allows for high dispersion of acidic species such as MoO 3 and sulfided Mo species. Besides, the basic support promotes formation of short edge-bonded MoS 2 slabs (with Lewis acid on each edge plane) and thus increases the edge plane area suitable for the promotion by Ni or Co [99] .
Active phases other than CoMoS and NiMoS
Noble metals (Pt, Rh, Pd, and Ru) supported on acidic matrices For instance, molybdena can be supported without decreasing its dispersion [155] . 
Silica
Activated carbon (AC)
Mo-based catalysts have been suggested to be more active supported on activated carbon than on alumina or silica due to the weak acidity and low cost and coking tendency [159, 160] .
Even though the interaction between molybdenum oxide and AC is weak, the high surface area of activated carbon still allows for a high dispersion and a complete sulfidation of the oxide species. However, increasing metal loading favors sintering due to weak interaction with supported phases, agglomeration and micropore blocking could also take place.
The extensive microporosity of carbon materials is a drawback in hydrotreating reactions since part of metals deposited in micropores is wasted in the catalytic reactions involving large molecules. Additionally, how to improve low bulk density and poor crushing strengths is another challenge issue in the utilization of carbon.
Zirconium, ceria and titania
ZrO 2 and TiO 2 were reported to be beneficial for dispersion of MoS 2 in HDS [161] . Several explanations are proposed for high activity obtained with TiO 2, such as the formation of small crystallites of MoS 2 , a higher sulfidability, the reducibility or a favourable morphology [71] . The amphoteric character of ZrO 2 is suggested to be important especially in preventing coke formation [71, 110] . Moreover, ZrO 2 exhibits properties of p-type semiconductor, strongly interacting with active species and influencing the adsorption and redox properties of the catalysts. The morphology of MoS 2 is considered to be salient to the reactivity behaviour of ZrO 2 supported Mo catalysts [162] .
The acidic-basic properties of TiO 2 and ZrO 2 are pointed out to play an important role during GUA HDO [71] . CeO 2 and ZrO 2 were suggested by Yakovlev [137] as suitable supports for HDO because of possible additional activation of oxy-compounds on the support surface.
Deactivation
A great challenge in HDO process is the catalyst deactivation.
In general, coking, sintering, attack from water, loss of sulphide from the catalyst [108] [48, 168] .
Among these deactivation causes, coking formation was proven to be the main reason for catalyst deactivation [15, 165] . Figure 18 . Ru/C catalyst is used in the first step to remove unstable carbonyl functionalities at 125°C and 98 atm, followed by hydrogenation reactions with Pt/C at 300°C and 98 atm to increase H/C ratios and prevent potential coking, and finally HZSM-5 was used for a dual-stage hydrotreating at 600°C. Overall coke formation is reduced from ~32% (HZSM-5 alone) to 12.6%.
To minimize coke formation, suitable catalysts as discussed in sections 4 and 5 with proper operation conditions such as at moderate temperature and H 2 high pressure with multi-step process will be advantages for pyrolysis bio-oil HDO.
Conclusions and future perspectives
The energy crisis and environmental concern have made energy from renewable resources especially from biomass very attractive in recent years. Producing liquid fuels from pyrolysis bio-oils by HDO is feasible for future industrialization. However, poor quality of pyrolysis bio-oils with high oxygen content constitutes a big challenge for catalysis without deactivation.
Recently, there has been much progress in HDO of pyrolysis bio- Temperature ( o C)
Step 1: Stabilization Low T & low P
Step 2: Hydrogenation Elevated T & low P
Step 3: Final upgrading
Step 1
Step 2
Step 3
TMSs -Transition metal sulfides 
